Statistical analysis of amino acid patterns in approximately 160,000 ␣-helices in experimentally determined structures revealed di-, tri-, and tetrapeptides, whose frequencies deviate most from the statistical model. Importantly, some sequences were never found in ␣-helices. This fact was detected initially with tripeptides, where nearly 1% of the possible sequences were never seen in the helical segments. For tetrapeptides, this effect is very strong and significant; almost 43% of the possible sequences never appear in ␣-helices. It is possible that there are some steric and energetic restrictions that do not allow these tetrameric amino acid sequences to form ␣-helical structure.
who identified the helix propensity with s, the helix propagation parameter of the statistical mechanics model for alpha helix formation, and found significant differences for the propensities of amino acids alanine and glycine. Blaber et al. (1993) , based on multiple amino substitutions at positions 44 and 131 in T4 lysozyme, found that among the 20 naturally occurring amino acids, proline, glycine, and alanine each have a structurally unique feature that helps to explain their low or high helix propensities. For the remaining 17 amino acids, it appears that the side chain hydrophobic surface buried against the side of the helix contributes substantially to alpha helix propensity. Quian and Chan (1996) analyze the helix propensities for the 20 naturally occurring amino acids with three different experimental systems: small synthetic peptides, coiled-coil dimers, and real proteins. Their model is consistent with the ideas of "minimal frustration" and "protein malleability"; it exhibits entropy-enthalpy compensation, and suggests that local unfolding and solvent penetration are correlated in a fluctuating protein. The electrostatic nature of hydrogen bonding and its manifestations in protein helix stability is presented as a basic thermodynamic parameter to generate the proposed propensities. In the same year, Kumar and Bansal (1996) , analyzing the structures that are available from the Brookhaven Protein Data Bank, found that the distribution and statistical propensities of individual amino acids to occur in long alpha helices are different from those found in short alpha helices, with amino acids having longer side chains and/or having a greater number of functional groups occurring more frequently in these helices. Pace and Scholtz (1998) derive a helix propensity scale for solvent-exposed residues in the middle positions of ␣-helices. The scale is based on measurements of helix propensity in 11 systems, including both proteins and peptides. Alanine has the highest helix propensity, and, excluding proline, glycine has the lowest less favorable for helices. Bystroff and Garde (2003) , using knowledge-based potential functions for protein structure prediction, assume that the frequency of occurrence of a given structure or a contact in the protein database is a measure of its free energy found that the sequence pattern de-ACEVEDO AND LAREO rived from the simulation data closely resembles the motif pattern derived from the database cluster analysis. These results have shown an agreement between the simulations and the bioinformatics analysis.
We have previously reported calculations of the helical propensity of individual amino acid residues and some interesting tendencies for di-, tri-, and tetrapeptide frequencies in protein sequences that clearly depart from a pattern-less behavior (Acevedo et al., 2000) . We present here an expanded analysis of the amino acid residue propensities specifically to form ␣-helical structures. These data should be helpful in devising new simple algorithms helical structure prediction.
METHODS
This work was developed considering the total accessions in the protein databank (PDB) up to December 2004. For that time, the total number of protein accessions was 21,087 from a total of 29,323 reported structures. This set was depurated removing the engineered structures with point mutations, isoforms, and other possible sources of redundant information. From the remaining protein structures, we selected only the ones that present at least one ␣-helical structure; this number was 159,018, or 95.4% of the proteins have helices in their structural conformation. When the analysis of the initial set of structures to be considered was developed based on CATH, the basic number of proteins with constitutive helical structures agree. Due to the three-dimensional structure of a large number of proteins, which are constituted by more than an identical monomer in their structure, in these cases only one of the identical monomers were take into account with the main goal of reducing the overrepresentation of similar data. These reduced numbers of protein structures constitute the total set to be analyzed. 
RESULTS

Presence of ␣-helical structures in proteins
According to the report of Pace and Scholtz (1998) , average globular protein contains 30% ␣-helix, the most common type of secondary structure. In our PDB-derived database for 20,125 proteins containing at least one ␣-helix, we identified 198,772 helices with any length of amino acid residues. When the minimum residue number in a helix was set to four, the number of helical structures decreased to 159,018. The highest length found for an ␣-helix was 85 amino acid residues. The median of helix content in each protein was seven, with a big variability because the minimum was one and the maximum number of helix in a protein was 53. Figure 1 shows the distribution of ␣-helix content in the set of protein structures analyzed.
In this set of 159,018 helical structures, the range of length was four to 85 residues, with a strong skewed distribution; 98.1% (155,955) of the helices belong to the subset of four and 25 amino acid residues. A total of 73,168, or 46.0% of the helices, have less than 10 residues in length or about two helical turns. The distributions of the lengths of helices with less than 25 amino acid residues are presented in Figure 2 .
Amino acid frequencies in helical structures
With the goal to identify any difference in frequency of the amino acids in helical structures and in proteins with all kinds of folding patterns, we have compared the counting obtained from our database with the data reported by Klapper (1977) , by McCaldon and Argos (1988) , by Nakashima and Nishikawa (1994) , and in the 2004 release of Swiss-Prot (www.expasy.org/sprot/relnotes/relstat.htm). The results of this comparison appear in Figure 3 .
Using the statistic measure of Kruskal-Wallis, we found a value of 2 ϭ 0.4595, with a threshold of 0.9773, which showed no statistical difference for any amino acid between the propensity to belong to a helical structure versus all other structures in proteins. We still can see some specific differences for such residues as Ala, Glu, and Leu with higher values in helices than in all proteins, and Gly, Pro, Ser, and Thr with lower values in helices than in all proteins, but these differences are not statistically significant.
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FIG. 3.
Comparison of the amino acid content in the helical structures of this study and the data reported by several authors (Klapper, 1997; McCaldon and Argos, 1988; Nakashima and Nishikawa, 1994) and in the Expasy database.
Frequencies of di-, tri-, and tetrapeptides in helical structures
Since individual amino acids do not show a clear propensity to belong to helical structure, we have calculated the theoretical probabilities of appearance for each of the possible 400 di-, 8,000 tri-, and 160,000 tetrapeptides based on the probabilities detected for individual amino acids in the helical structures. Figure  4 shows the results of the comparison of 1,562,991 dipeptides found in the helices with the theoretical probabilities distribution of 400 possible types. The determination coefficient (square of the Pearson correlation coefficient) has a value of 0.97 that reveals no deviation from the random distribution for any of the dipeptides.
An analysis of the tripeptide distribution revealed 1,403,973 such sequences. The comparison with the random process show a slightly lower determination coefficient, r 2 ϭ 0.77 (Fig. 5) . Some triplets clearly appear as outliers of the 95% confidence interval, which suggests a departure of the random process for these specific sequences. Finally, we found a total of 1,244,955 tetrapeptide sequences that had ␣-helical structure (Fig. 6) . The determination coefficient was only 0.307. This means a strong departure from the random process for the frequencies of the tetrapeptides in helices. It appears that a strong propensity appears for this length of sequence.
The statistical independence of the distributions of probability of appearance was validated using the statistical measure U of Mann-Whitney. For this measure, we found W ϭ 1.8*10 10 for tetrapeptides and W ϭ 3.2*10 7 for tripeptides, which implies absolute independence of the two distributions.
In the case of tri-and tetrapeptides, it is interesting to note that a significant number of sequences never appeared in our helices database. appear in the database. For tetrapeptides, this number increases significantly: we can detect only 90,251 cases of the 160,000 possible, or 56.4% of the total. The tri-and tetrapeptide sequences not detected in our helical structures database were searched in the NCBI protein databank, with the aim to verify their low or null frequency of appearance, and we found that all these small sequences do not appear among 1,844.911 protein sequences available in the databank in the end of 2004.
In Table 1 , we present the complete list of the 82 tripeptides that never were found as part of an ␣-helix structure. No special characteristics were detected in these sequences, be it the abundance of a particular amino acid or any other kind of feature. Table 2 shows the sequences of the hundred tetrapeptides with higher frequency of appearance in the helix database. In some cases, a slightly higher frequency values were detected for some charged amino acids but this fact was not enough to constitute a pattern.
DISCUSSION
It is important to note that no propensity for an individual amino acid residue, as was proposed by Chou and Fasman (1974a,b) , could be detected in the ␣-helix sequences analyzed. The propensities of certain sequences to be present or absent in ␣-helices increase with the length of the peptide considered, and the propensity is higher for tetra-than for tripeptides and undetectable for dipeptides. The fact that some of the possible sequences never appear in tri-and tetrapeptides indicates the emergence of a pattern for the com- position of helical structures in proteins. The reason for the existence of this pattern is still not clear, and several approaches could be used to explain it. Koehl and Levitt (1999) found that the potential energy-based propensity scales show significant agreements with experimental propensity scale values-both for ␣-helices and ␤-strands. These results indicate that amino acid conformational preferences are a natural consequence of the potential energy. Betancourt and Skolnick (2004) CDP  CWF  FHP  HSP  NCP  PMP  SPP  YCW  CGC  CWP  FPP  HWP  NHP  PPG  THP  YHP  CHP  DMP  HMP  KCP  NPC  PYP  TPC  YMC  CMC  DNP  HNP  KHP  NPH  QCD  TPP  CPC  DPH  HPC  KPN  NPW  QHP  WCW  CPF  DPN  HPG  MCP  NRP  QPD  WDP  CPS  DPP  HPP  MDP  NSP  QWP  WHC  CPW  DPR  HPQ  MWC  NWP  RDP  WHP  CSC  EHP  HPW  MWM  PDP  RHP  WMP while the conformations in loops and near the end of beta-sheets are more influenced by non-local interactions. Taken together, these observations suggest that the residue combinations in non-allowed tri-or tetrapeptides affect their potential energy, disrupting certain local interactions that might stabilize the helix. In general, energetic models appear as the most probable explanation of the appearance of the patterns detected in this work.
